Abstract: Using a micro-scratch tester we have determined the influence of scratch velocity on the sliding wear resistance of several thermoplastics: polystyrene (PS), styrene-acrylonitrile, polyamide 6, polyethersulfone and polysulfone. Variable velocities (from 1 to 15 mm/min) were applied under two different load configurations: progressively increasing loads from 0.03 to 30 N and multiple scratching under constant loads from 2.5 to 10 N. Penetration and residual depth were measured along a 5 mm length. In the case of PS the scanning electron microscopy images of the progressive load scratch reveal a transition from shear yielding to crazing at low velocity. In multiple scratching tests the residual depths obtained at 1 mm/min are substantially higher than those at 15 mm/min for all thermoplastics tested. This result is explained by contact heating at higher speeds resulting in increased chain relaxation capability and thus more viscoelastic recovery. Scanning probe microscopy was used in order to observe surface damages. Except for PS, all other materials at all velocities exhibit asymptotic behaviour of the residual depth as a function of the number of tests.
Introduction
As noted in the preceding paper [1] the results of scratching including those of multiple scratching depend on the test velocity. This aspect is investigated in the present work. The results are connected to morphology changes observed by several microscopy techniques.
Experimental part

Materials
Polystyrene (PS) and polyamide 6 (PA6) used were supplied by Aldrich Chemicals Company. Styrene/acrylonitrile copolymer (SAN, Luran ® ), polyethersulfone (PES, Ultrason E ® ) and polysulfone (PSU, Ultrason S ® ) used were supplied by BASF. All materials were the same as used in the preceding paper [1] .
Sample preparation
The sample preparation procedures were the same as in the companion paper [1] and in fact already described in earlier papers [2] [3] [4] .
Scratch testing
In order to study the dependence of penetration depth, residual depth and viscoelastic recovery on scratch velocity, we subjected the selected thermoplastics to two kinds of micro scratch tests: multiple scratching under constant load and progressive increasing load. The tests were carried out using the same micro-scratch tester as before, and following the same procedures as in previous work [1, 5, 6] . For every scratch test, deformation response was determined by measuring penetration (instantaneous) R p and residual (healing, recovery) depths R h along the length of the scratch. A conical diamond indenter was used in all the tests, with 200 µm diameter and a cone angle of 120°. A scanning electron microscopy (SEM) image of the indenter has been provided in Figure 1 of ref. [1] .
In multiple scratch testing, a minimum of 15 scratches was repeated along the same track. The parameters applied were the following: normal loads of 2.5, 5 and 10 N, scratch length 5 mm. These parameters were the same as before [1] . Now, however, the scratch velocity was varied. We have used 1, 2.5, 5, 10 and 15 mm/min.
Apart from constant loads, we have also conducted experiments at progressively increasing forces from 0.03 to 30 N in the range of imposed velocities from 1 to 15 mm/min; the scratch length was 5 mm, the tests were performed at a room temperature of 24°C.
Scanning electron microscopy (SEM) and scanning probe microscopy (SPM)
SEM experiments were performed in the same way and using the same equipment as described in the previous paper [1] . A Quesant Instrument Corporation (Q-Scope 250) scanning probe microscope in the contact operation atomic force microscope (AFM) mode was used to observe the topography of the tracks.
Constant load multiple scratching
Tab. 1 presents values of penetration depth R p , residual depth R h and viscoelastic recovery ϕ obtained in the constant load mode at 5 N after 15 scratches. The recovery ϕ has been defined [6] as
Inspection of Tab. 1 shows that increasing velocity gives lower values of penetration and residual depths. A simple explanation is that at higher speeds the indenter does 'damage' at a smaller number of specific locations. A somewhat different but not necessarily contradictory explanation is in terms of predominantly mechanical damage at low velocities, an effect weakened by thermally induced deformations at high velocities [7] . In this context, we note that heat dissipation at higher velocities necessarily increases free volume v f . In turn, higher v f enhances the chain relaxation capability (CRC) and thus viscoelastic recovery [8, 9] . By contrast, but for the same reason apparently, the percentage recovery goes symbatically with the scratch velocity. This behaviour is common to all polymers tested, regardless of their chemical structures and other properties. In agreement with results reported in ref. [1] , polyamide 6 exhibits the highest values of the recovery ϕ, this for all speeds. 2 illustrates the dependence of residual depth on scratch velocity under a constant load of 5 N for polystyrene. As can be observed, also here the residual depth decreases with increasing velocity. At the same time, the transition region moves to higher test numbers. The results can be explained in the same terms as those shown in Fig. 1 . Thus, there seems to be a common denominator between SEM micrographs and scratch testing results.
In the companion paper [1] we have seen that materials other than PS exhibit asymptotes in the residual depth R h vs. the number of scratches diagrams. This confirms the existence of the phenomenon of strain hardening in multiple scratching discovered in ref. [6] , which apparently exists in a number of materials but not in brittle PS. Actually, also PS seems to show an asymptote -but only at the highest speed of 15 mm/min. 
Progressively increasing load
Given the changes in slope seen in Fig. 2 , we now consider effects of progressively increasing loads, starting with polystyrene. In Fig. 3 we superimpose residual depths as a function of the force applied upon SEM graphs, this for two speeds. The wavy behaviour of R h seen at 1 mm/min is not observed for the high velocity of 15 mm/min. Progressively increasing loads from 0.03 to 30 N were also applied to each kind of samples in scratch testing. Variable scratch velocity experiments were carried out in order to establish the influence on the residual depth.
We find that micro-deformation in our progressive load tracks generally manifests itself by three distinct phenomena: shear yielding, crazing and cracking. This is reminiscent of deformation modes in mechanical testing [10] . Fig. 4 shows the SEM images of the progressive scratch tracks for PS at a speed of 1 mm/min. The images show an initial smooth region (a) followed by a region of periodic crazing (b) and then cracking (c). The smooth regions apparently result from polymer shear yielding during indentation. The smoothness of these regions indicates good contact between the lower end of the tip and the polymer surface. The fracture of PS is preceded by formation of crazes mixed with micro-shear zones. In this region yielding gradually changes to crazing and then to fracture. When the scratch velocity is increased to 5 and then to 10 mm/min, cracking is not found, only yield and a weak crazing can be observed; see Fig. 5 , which presents SEM and AFM images for these two higher speeds.
After dealing with the 'recalcitrant' polystyrene we consider other polymers. We already know from the previous paper that these materials do not exhibit severe surface damage. Fig. 6 shows the progressively increasing load tracks on PA6, SAN and PSU as seen in SEM. In the case of PA6 the elastic behaviour is maintained even when the load was increased up to 30 N, when only a minor plastic deformation can be observed. Thus, in materials other than PS a soft crazing mechanism with linear increment of the residual depth under increasing normal force is seen. The explanation provided above of thermal energy dissipation resulting in higher free volume and thus higher CRC and stronger viscoelastic recovery applies here, too.
The visual observations in Fig. 6 are confirmed by residual depth R h vs. number of scratching runs. These diagrams for our other materials studied are shown in Fig. 7 . We see in Fig. 7 that asymptotes are reached for all materials and all velocities applied. This reinforces the recommendation made before [6] of using W(F) as a measure of the sliding wear for a given indenter geometry and force F:
where n is the number of scratch tests performed.
General discussion
The odd behaviour of polystyrene found in the preceding paper [1] at a single scratch velocity has now been confirmed also when several velocities were applied. All other materials investigated now and at all velocities show asymptotic behaviour -as did three original polymers for which the phenomenon of strain hardening in multiple scratching has been discovered [6] . In the beginning of the companion paper [1] we have pointed out that lubrication used in metals cannot be transferred automatically into polymer tribology. A review of the current status of polymer tribology is available [11] . Actually, even for metals there are complicating factors. As pointed out by Rabinowicz [12] , lubricants appear to flush wear debris from the system more completely, thus increasing the effectiveness of the abrading action. At the same time, some of us [13] have successfully applied lubricants to aluminium + steel systems. It turns out the lubricating action is different for ionic and neutral lubricants. Moreover, pure ionic lubricants do not provide the best solution [13] . We shall explore the role of lubricants as a function of their nature in future papers, for metallic as well as for polymeric systems.
